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We determine the sensitivities of short-baseline coherent elastic neutrino-nucleus
scattering (CEνNS) experiments using a pion decay at rest neutrino source as a probe
for non-unitarity in the lepton sector, expected in low-scale type-I seesaw schemes.
We also identify the best configuration for probing light-sterile neutrinos at future
ton-scale liquid argon CEνNS experiments, estimating the projected sensitivities on
the sterile neutrino parameters. Possible experimental setups at the Spallation Neu-
tron Source, Lujan facility and the European Spallation Source are discussed.
1. INTRODUCTION
The three-neutrino paradigm has been put in rather solid grounds from the interpretation
of solar and atmospheric oscillation data and the complementary results from reactor and
accelerator neutrino studies [1]. Underpinning the precise way by which neutrinos get mass
is one of the main current challenges in particle physics. One of the leading ideas is that
neutrino mass generation proceeds through the mediation of new heavy fermion states, such
as in variants of the so-called type-I seesaw mechanism. Since they carry no anomaly,
isosinglet “right-handed” mediators can come in an arbitrary number in the Standard Model
(SM), so one can envisage low-scale seesaw realizations, where the mediators can lie at the
TeV scale with potentially sizeable mixing with the light neutrinos [2–5]. The admixture of
heavy lepton messengers implies that the charged current weak interaction mixing matrix
has a rectangular form [6], leading to unitarity violation, as these heavy states are not
kinematically accessible. Likewise, one expects universality violation effects. The associated
processes could take place below [7], at [8–10] or above [11–14] the Z boson mass scale. In
∗ omr@fis.cinvestav.mx
† d.papoulias@uoi.gr
‡ osanders@fis.cinvestav.mx
§ mariam@ific.uv.es
¶ valle@ific.uv.es
ar
X
iv
:2
00
8.
02
75
9v
1 
 [h
ep
-p
h]
  6
 A
ug
 20
20
2the context of neutrino propagation, the admixture of heavy neutrinos would clearly also
imply deviations from unitarity, as the heavy states can not take part in oscillations.
Unitarity violation in neutrino oscillations has been explicitly considered in [15–22]. It
has been noticed that the extra CP violation expected in these schemes can fake the one
present within the simplest three-neutrino paradigm [23]. As a result, unitarity violation
degrades the CP violation sensitivity expected at DUNE [22]. Here we note that the sub-
leading effects of such TeV-scale heavy neutrino mediators can also be probed in future liquid
argon coherent elastic neutrino-nucleus scattering (CEνNS) experiments using muon decays
as the neutrino source.
On the other hand, controversial anomalies such as those coming from recent reactor
data, as well as those hinted by the LSND [24] and MiniBooNE [25] experiments, inspired
many phenomenological studies beyond the simplest three-neutrino oscillation picture [26–
28]. These are based on the existence of a fourth light sterile neutrino state, with eV-scale
mass (m1,2,3  m4). Indeed, under certain circumstances, such as special symmetries [29,
30], one may expect such extra light sterile neutrinos to emerge in fermion mediator models
of neutrino mass generation.
The importance of neutral currents in oscillation physics has been noticed since the early
days, see Refs. [6, 31]. The discovery of CEνNS has now brought neutral-current-based ex-
periments to the center of the stage, as a competitive and complementary tool to shed light
on fundamental neutrino parameters. Facilities looking for CEνNS have been recognized to
be important probes of sterile neutrino oscillations, since about a decade [32–34]. In 2017,
the COHERENT collaboration reported the first observation of CEνNS on CsI [35] at the
Spallation Neutron Source (SNS), a result recently confirmed by the same collaboration on
a liquid argon detector [36]. This prompted a new era with a wide range of physics applica-
tions concerning open questions within [37–43] and beyond the SM [44–68], including also
dedicated sterile neutrino searches [69–72]. The field is thriving rapidly, with several exper-
iments aiming to measure CEνNS now in preparation worldwide (for a review see Ref. [73]),
many of which are planning to employ large liquid argon detectors. Here we quantify the
prospects for probing the effects of both light-sterile neutrinos as well as heavy neutrino-
mass-mediators within future proposals employing large liquid argon scintillation detectors.
In particular, we concentrate on the next generation detector subsystem of COHERENT,
namely CENNS [74], as well as on the Coherent Captain-Mills (CCM) experiment [75] at the
Los Alamos Neutron Science Center - Lujan facility, and on the CEνNS program developed
at the European Spallation Source (ESS) [76].
Our work is organized as follows: in Sec. 2 we present the required formalism for sim-
ulating CEνNS signals and discuss the experimental sites considered. In Sec. 3 we present
our results concerning non-unitarity effects induced by new heavy neutrino admixtures and
in Sec. 4 we discuss the sensitivities we have obtained on light sterile neutrinos. Finally, we
summarize and conclude in Sec. 5.
32. SIMULATING COHERENT ELASTIC NEUTRINO NUCLEUS SCATTERING
Our present research on indirect effects of heavy neutrino states or light sterile neutrinos
is motivated by future neutral-current CEνNS measurement proposals. Previous work on
sterile-neutrino constraints from the CsI COHERENT measurement can be found in [48].
We consider the process να + (A,Z)→ νβ + (A,Z) where A and Z stand for the mass and
atomic number of a nucleus, respectively, while Eν is the neutrino energy and α, β represent
the flavor index (α, β = e, µ, τ). In this section, we summarize the relevant formalism for
simulating the expected CEνNS signal and discuss the various experimental configurations
considered in our analysis.
2.1. Coherent elastic neutrino nucleus scattering
The CEνNS cross section scales as N2, where N = A − Z is the number of neutrons
and, therefore, leads to an enhanced neutrino interaction cross section [31]. The relevant
CEνNS experiments are mainly sensitive to the tiny recoils generated in a scattering event.
The differential cross section in terms of the nuclear recoil energy, TA, is [77](
dσ
dTA
)
SM
=
G2FmA
2pi
(QW )2
[
2− 2TA
Eν
− mATA
E2ν
]
. (1)
Here, GF denotes the Fermi constant,mA is the nuclear mass, andQVW is the weak charge [78]
QW =
[(
1
2
− 2 sin2 θW
)
ZFp(Q
2)− 1
2
NFn(Q
2)
]
, (2)
written in terms of the weak mixing angle sin2 θW = 0.2312, taken in the MS scheme. A
coherence loss, due to the finite nuclear size, is incorporated through the nuclear form factors
for protons and neutrons, Fp,n(Q)2. Amongst the various available parametrizations in the
literature (for a summary see Ref. [56]), here we employ the well-known Helm form factor,
given by
Fp,n(Q
2) = 3
j1(QR0)
QR0
exp(−Q2s2/2), (3)
where the magnitude of the three-momentum transfer is Q =
√
2mATA, the spherical Bessel
function of order one is j1(x) = sin(x)/x2−cos(x)/x, and R20 = 53(R2p,n−3s2). For the relevant
liquid argon detectors, the neutron and proton rms radii take the values Rn = 3.36 fm and
Rp = 3.14 fm, while the surface thickness is s = 0.9 fm.
As for the incoming neutrino flux, at spallation source facilities a large number of protons
is scattered on a nuclear target (mercury for the SNS and tungsten for CCM and ESS),
producing pions. The latter propagate and subsequently decay at rest generating neutrinos
(pi-DAR neutrinos). A monochromatic neutrino beam is produced from pi+ → µ+νµ (prompt
4flux, with lifetime τ = 26 ns) with a spectrum given by
dφνµ
dEν
= δ
(
Eν −
m2pi −m2µ
2mpi
)
. (4)
The subsequent muon decay µ+ → ν¯µe+νe (delayed flux, τ = 2.2µs) generates a beam
composed of muon antineutrinos
dφνµ
dEν
=
64E2ν
m3µ
(
3
4
− Eν
mµ
)
, (5)
and electron neutrinos
dφνe
dEν
=
192E2ν
m3µ
(
1
2
− Eν
mµ
)
. (6)
2.2. Experimental sites
Our present analysis will be focused on three prominent experiments aiming to deploy
large liquid argon detectors (see Table I) to measure a CEνNS signal at a pi-DAR source.
We first consider the next generation CENNS detector of the COHERENT experiment at
the SNS [74], which is expected to replace the CENNS-10 detector that provided the first
detection of CEνNS on argon [36]. The planned configuration will contain a 750 kg (610 kg
fiducial) liquid argon scintillation detector and will operate with a 20 keV threshold and a
baseline of 28.4 m. Another interesting experimental site is the proposed CCM experiment,
located at Los Alamos National Laboratory, in the Lujan facility. The CCM experiment
plans to install a large 7 ton liquid argon detector and is expected to achieve a 1 keV thresh-
old [75]. The detector will be placed 20 m from the source with the goal to search for
sterile neutrinos. Another promising facility is the ESS located in Lund, Sweden, that com-
bines the world’s most powerful superconducting proton linac with an advanced hydrogen
moderator, generating the most intense neutron beam for different purposes. Following the
proposal [76], we will assume two different configurations: i) a first phase configuration with
a 10 kg liquid argon detector and an ultra-low 0.1 keV threshold and ii) a next generation
configuration with a 1 ton liquid argon detector and a 20 keV threshold, both located 20 m
from the source.
The main difference among ESS, SNS and Lujan facilities is that the former one is sched-
uled to reach a power of 5 MW with a goal energy of 2 GeV by 2023, while SNS (Lujan)
will have a power of 1.3 MW 1 (80 kW). This will lead to about one order of magnitude
increase in the ESS neutrino flux with respect to SNS, resulting into a significantly faster
accumulation of CEνNS signal statistics in comparison with the other two facilities. A sec-
ond difference is the proton beam pulse timing: SNS provides 60 Hz of 1 µs-wide POT spills
while ESS can only offer 14 Hz of 2.8 ms spills, reducing the relative capability of separating
1 A possible increase to 2.4 MW is feasible with a second target station at the SNS [74].
5CENNS [74] CCM [75] ESS [76]
mass 610 kg 7 ton 10 kg (1 ton)
threshold (keVnr) 20 1 0.1 (20)
NPOT (1023/yr) 1.5 0.177 2.8
r 0.08 0.0425 0.3
baseline (m) 28.4 20 20
TABLE I: Experimental configurations assumed in the present work.
the neutrino flavors with timing information. Finally, while the power of the proton beam at
Lujan is 1–2 orders of magnitude smaller than in SNS and ESS, it is worth mentioning that,
in contrast to SNS, the CCM experiment can deploy very large ton-scale detectors. This
feature, together with the fact that Lujan Center can achieve a shorter beam time interval,
makes the CCM experiment clearly complementary to the CEνNS searches at SNS and ESS.
2.3. Statistical analysis
Our statistical analysis is based on the expected number of events, simulated for each
experiment. For the case of CEνNS, the differential number of events is given by
dNx
dTA
= η trunNtarget
∑
να
∫ Emaxν√
mATA
2
dφνα
dEν
(
dσ
dTA
)
x
dEν , (7)
where trun is the data taking time (we will assume trun = 1 year), Ntarget is the number
of nuclear targets in the detector, and x = (SM, new) denotes the type of interaction.
Here, η denotes a normalization factor given by η = rNPOT/4piL2, where L is the baseline,
NPOT is the number of delivered protons on target (POT) and r is the number of produced
neutrinos per POT. If not mentioned otherwise, and given the absence of relevant information
regarding backgrounds and detection efficiencies of the future experiments considered here,
our analysis will be mainly based on a simple statistical analysis following the χ2 function
χ2 =
(
NSM −Nnew√
NSM
)2
, (8)
where Nx represents the number of events evaluated by integrating Eq. (7) over the nuclear
recoil energy. Here, NSM refers to the number of events expected according to the SM, while
Nnew includes an extra contribution associated to the relevant new physics of interest.
3. HEAVY SINGLET NEUTRINOS AND NON-UNITARITY
Here we assume that, in addition to the three standard light neutrinos, one has extra
singlet neutral heavy leptons that mediate light-neutrino mass generation. It is well-known
6that such heavy leptons will couple sub-dominantly in the weak charged current, via mix-
ing with the SM isodoublet neutrinos [6]. In the most general case, their presence and
mixing with the active neutrinos respects the chiral SM structure. Alternatively, we also
consider the possibility of light sterile neutrinos taking part in oscillations. Both lead to
new features beyond the minimal three-neutrino oscillation paradigm. Here we note that
constraining non-unitarity effects at short-baselines plays a crucial role in mitigating the
ambiguities present in testing for leptonic CP violation in long-baseline neutrino oscillation
experiments [23]. We propose to do this through the neutral current.
In this section, we consider CEνNS experiments in the presence of unitarity violation ef-
fects. To set up notation, we write the relevant generalized charged current weak interaction
mixing matrix as
N = NNPU3×3 , (9)
where U3×3 denotes the standard unitary lepton mixing matrix and NNP represents the new
physics (NP) matrix which accounts for unitarity violation [21]. The latter is parametrized
as
NNP =
 α11 0 0α21 α22 0
α31 α32 α33
 , (10)
with the diagonal (off-diagonal) components αii (αij) being real (complex) numbers. In this
context, the oscillation probability for να → νβ transitions reads
Pαβ =
3∑
i,j
N∗αiNβiNαjN
∗
βj−4
3∑
j>i
Re
[
N∗αjNβjNαiN
∗
βi
]
sin2
(
∆m2jiL
4Eν
)
+2
3∑
j>i
Im
[
N∗αjNβjNαiN
∗
βi
]
sin
(
∆m2jiL
2Eν
)
.
(11)
The survival probabilities Pee and Pµµ 2 and the transition probablility Pµe simplify to [21]
Pee =α
4
11P
3×3
ee ,
Pµµ =α
4
22P
3×3
µµ + α
3
22|α21|P I1µµ + 2|α21|2α222P I2µµ ,
Pµe =(α11α22)
2P 3×3µe + α
2
11α22|α21|P Iµe + α211|α21|2 .
(12)
Here, P 3×3ee , P 3×3µµ and P 3×3µe denote the standard oscillation probabilities, while the extra
terms P I1µµ and P I2µµ are defined in Ref. [21]. Notice that P I1µµ depends on a new CP violation
phase, INP , while P I2µµ is phase-independent.
For the short-baseline CEνNS experiments we are interested in here, there is no time for
oscillations among active neutrinos to develop. Hence, the baseline-dependence in Eq.(12) is
2 Here we neglect cubic products of small parameters α21, sin θ13, and ∆m221/∆m231.
7not relevant 3. Therefore, the effect of the heavy neutrino states at CEνNS experiments will
be mainly due to the zero-distance effect, i.e. Pαβ(L = 0). The zero-distance probabilities
are given as
Pee = α
4
11,
Pµµ = (|α21|2 + α222)2, (13)
Pµe = α
2
11|α21|2,
Peτ = α
2
11|α31|2,
Pµτ ' α222|α32|2,
while the following “triangle inequalities” among the elements of the NNP matrix hold [22?
]
|α21| ≤
√
(1− α211)(1− α222) ,
|α31| ≤
√
(1− α211)(1− α233) ,
|α32| ≤
√
(1− α222)(1− α233) .
(14)
Within this context, due to the zero-distance effect, neutrino fluxes at a spallation source
are modified as follows:
dφNUe
dEν
=
dφNUνe
dEν
+
dφNUνe
dEν
=Pee
dφ0νe
dEν
+ Pµe
(
dφ0νµ
dEν
+
dφ0νµ
dEν
)
,
dφNUµ
dEν
=
dφNUνµ
dEν
+
dφNUνµ
dEν
=Peµ
dφ0νe
dEν
+ Pµµ
(
dφ0νµ
dEν
+
dφ0νµ
dEν
)
,
dφNUτ
dEν
=
dφNUντ
dEν
+
dφNUντ
dEν
=Peτ
dφ0νe
dEν
+ Pµτ
(
dφ0νµ
dEν
+
dφ0νµ
dEν
)
,
(15)
where
(
dφ0νe
dEν
,
dφ0νµ
dEν
,
dφ0νµ
dEν
)
denote the unoscillated neutrino energy fluxes given in Eqs.(4)–(6).
Most generally, the above expression can be written compactly as
dφNUe
dEν
dφNUµ
dEν
dφNUτ
dEν
 =
Pee Pµe PτePeµ Pµµ Pτµ
Peτ Pµτ Pττ


dφ0νe
dEν
dφ0νµ
dEν
dφ0ντ
dEν
+
Pee Pµe PτePeµ Pµµ Pτµ
Peτ Pµτ Pττ


dφ0ν¯e
dEν
dφ0ν¯µ
dEν
dφ0ν¯τ
dEν
 . (16)
with Pαβ = P (να → νβ). Given appropriate choices for its entries, Eq. (16) holds for any
neutrino experiment with an arbitrary type of neutrino source and no charge identification.
For the specific spallation case, only the initial νe, νµ and νµ are non-vanishing, so we obtain
the expressions in Eq. (15).
3 For the pi-DAR CEνNS experiments, L = 20 − 40 m and Eν ∼ a few MeV; thus ∆m2i1L/Eν  1 for
i = 2, 3.
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FIG. 1: Flavor composition of the continuous pi-DAR neutrino spectra in the SM (solid
lines) and with non-unitarity effects (dashed lines), taking for these the maximal deviation
parameters αij allowed at 90% C.L. [22].
Note that, since the experiments under study can not distinguish neutrinos from antineu-
trinos, we combine both contributions in a flavor-dependent signal, as indicated in Eq. (15).
There, we have also assumed that neutrino and antineutrino oscillation probabilities are
equivalent: P (να → νβ) = P (να → νβ) = Pαβ and also that Pαβ = Pβα. As seen from
Eq. (15), an additional monochromatic νe beam is generated due to νµ → νe transition, as
well as a continuous ν¯e spectrum due to ν¯µ → ν¯e conversion. Similarly, a new tau-neutrino
flux is also expected due to νe → ντ , νµ → ντ and ν¯µ → ν¯τ oscillations. However, one finds
that these fluxes are largely suppressed due to the smallness of the appearance probabilities
Peτ and Pµτ , well constrained by the existing limits on the non-unitarity (NU) parameters
αij. The flavor components of the corresponding continuous fluxes are displayed in Fig. 1.
In this figure, we show the modification of the initial neutrino flux due to the zero-distance
non-unitarity effect. The modified spectra have been evaluated using the 90% C.L. limits
on the αij parameters reported in Ref. [22].
In what follows, we give a first estimate on the prospects for probing the unitarity vi-
olating parameters at future liquid argon detectors. In order to determine the sensitivity
limits on unitarity violation, we proceed as explained in Ref. [21]. For definiteness, we will
focus on the detection of electron and muon neutrinos, reducing the number of relevant NU
parameters to three: α11, α22 and |α21| 4.
Using the χ2 function defined in Eq. (8), we first perform our statistical analysis on the
sensitivity to unitarity-violating parameters by varying only one parameter and marginaliz-
4 Note that the non-diagonal parameter α21 is complex, but the zero-distance effects analyzed here are
insensitive to the associated phase.
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FIG. 2: Sensitivity on the diagonal parameters α11 (left) and α22 (right), marginalized over
the undisplayed parameters for different experimental configurations. For comparison we
also give the corresponding sensitivity obtained from global oscillation data analysis [22].
ing over the other two, while imposing the constraint coming from the triangular inequality
of Eq.(14) as well. The “one-at-a-time” sensitivity profiles of future CEνNS experiments for
the diagonal parameters α11 and α22 are shown in Fig. 2. Comparing these sensitivities with
those derived from global neutrino oscillation data [22], one sees that the CEνNS experi-
ments will eventually become competitive to current oscillation searches. Indeed, while the
current configuration of ESS with 10 kg detector mass is not expected to be competitive,
the next generation of ESS will certainly have the capability of improving current oscillation
sensitivities. In Fig. 3 we illustrate the sensitivities on the modulus of the non-diagonal
parameter α21. Our results are compared with upper limits obtained from global oscillation
fits [22] and with the sensitivity of future ICARUS data, as estimated in Ref. [79]. For
the prospects on the |α21| sensitivity, we can see that most CEνNS experiments can not
compete with current bounds. However, the future ESS configuration may offer the chance
of improving this situation drastically.
For completeness, we now perform a more realistic sensitivity analysis, considering possi-
ble backgrounds and systematic uncertainties in our calculation. In what follows, we explore
the projected sensitivities on the diagonal and non-diagonal NU parameters, assuming the
χ2 function
χ2(α11, |α21|, α22) = min
a
[
(NSM −NNU(α11, |α21|, α22)[1 + a])2
(σstat)2
+
(
a
σsys
)2 ]
, (17)
where the statistical uncertainty is defined as σstat =
√
NSM +Nbg and the number of
background events is taken to be Nbg = 10%NSM. Here, a denotes a total normalization
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FIG. 3: Sensitivity on the non-diagonal parameter |α21| marginalized over the undisplayed
parameters for different experimental configurations. A comparison with the analysis of
ICARUS data [79] as well as global oscillation data [22] is also given.
factor handled as a nuisance parameter accounting for the systematic uncertainty, for which
we employ two benchmark values: σsys = 2% and 5%. A summary of the bounds we extract
is given in Table II. As expected, one finds that a better control of the background events
and systematic uncertainties will lead to improved sensitivities. For comparison, the current
upper bounds derived from oscillation searches [22] are also given in Table II.
One can also perform a combined χ2 analysis through a simultaneous variation of two
NU parameters, and marginalizing over the third one. Our results for the CENNS, CCM
and ESS experiments (current as well as next generation setups) are presented in Fig. 4.
For each CEνNS experiment, the dark-shaded areas in the α11−|α21| and α22−|α21| planes
located to the right of the lines are allowed at 90% C.L. by the corresponding experiments.
The region consistent with the triangle inequality of Eq. (14) is the one below the dashed
line in both panels. Therefore, the allowed values in the αii − |α12| plane are eventually
determined by the intersection of the gray shaded area with the allowed region determined
by each experiment’s sensitivity. We find that CENNS and CCM have the potential to probe
part of the currently allowed parameter space. As before, the most promising experimental
setup is provided by the next phase of ESS with a ton-scale detector.
11
Experiment α11 α22 |α21| (×10−2)
Oscillations [22] > 0.98 > 0.99 < 1.0
(Nbg/NSM, σsys)
(0, 0)
CENNS-610kg
CCM-7t
ESS-10kg
ESS-1t
> 0.976
> 0.988
> 0.966
> 0.996
> 0.988
> 0.994
> 0.984
> 0.998
< 1.7
< 1.0
< 2.5
< 0.4
(10%, 2%)
CENNS-610kg
CCM-7t
ESS-10kg
ESS-1t
> 0.964
> 0.972
> 0.955
> 0.976
> 0.983
> 0.986
> 0.979
> 0.988
< 2.6
< 2.0
< 3.2
< 1.7
(10%, 5%)
CENNS-610kg
CCM-7t
ESS-10kg
ESS-1t
> 0.931
> 0.934
> 0.925
> 0.937
> 0.968
> 0.970
> 0.966
> 0.971
< 4.8
< 4.6
< 5.2
< 4.4
TABLE II: 90% C.L. sensitivities on unitarity deviations from our present analysis of
liquid argon CEνNS experiments. We also give a comparison with results from the global
neutrino oscillation data analysis [22].
4. LIGHT STERILE NEUTRINOS IN (3+1) SCHEME
Though the theoretical motivation is not specially strong, there could well be singlet
neutrinos in nature, light enough to take part in oscillations, usually known as light sterile
neutrinos. Although this situation differs from what we have considered above, it can be
described within the same formalism developed in [6]. Here we present basically the same
reasoning in somewhat more modern form. There is a basic difference compared to most
neutrino oscillation experiments, in which neutrinos are produced and detected through the
charged current (CC) weak interaction. Here neutrinos are produced conventionally, but
detected through the neutral current, as illustrated in Fig. 5. The other important difference
is that, since we can not identify neutrino flavors, the process of interest is necessarily
inclusive, the observable being simply the recoil of the relevant nucleus.
For definiteness, we take the simplest (3+1) scheme with 3 active neutrinos να (α =
e, µ, τ) and one light sterile neutrino. The overall quantum-mechanical amplitude for the
process of interest is given as
Aαj =
4,3∑
i,β
Kαie
−iEitK∗βiKβj , (18)
where the initial flavor index α is fixed, while β is summed over the three flavors, and the
12
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FIG. 4: Allowed regions at 90% C.L. in the plane α11–|α21| (left) and α22–|α21| (right),
marginalized over the undisplayed parameter. The blue (red) [olive] {teal} shaded area
corresponds to the analysis of CENNS (CCM) [ESS-10kg] {ESS-1t} experiment. The gray
shaded area below the black dashed curve denotes the bound given by Eq. (14), while the
yellow region above corresponds to the unphysical area.
lα
Kαiνi e−iEitνi
K∗βiKβj
νj
W− Z
FIG. 5: Feynman diagram representing the charged current production, followed by
oscillation and neutral current detection. There is a sum over the subindex β
Roman (neutrino) mass index is summed from 1 to 4. One sees that, in the production CC
vertex, one has the rectangular lepton mixing matrix K, then one has the evolution factor
5, and finally the NC detection vertex characterized by the projective matrix P = K†K =
P 2 = P . Assuming the charged leptons to be in their diagonal basis we can identify K
with the truncation of the 4× 4 unitary matrix U diagonalizing the neutrinos, so the active
flavors are expressed in terms of the four mass eigenstate neutrinos νi (i = 1, 2, 3, 4) as
να =
∑4
i Uαiνi. From this equation, we see that the survival probability to active neutrinos,
5 Due to the very short baseline oscillations cannot develop and matter effects may be neglected.
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Pα =
∑3
β Pαβ, is given as
Pα =
∑
i,l,j,β,β′
Kαie
−iEitK∗βiKβjK
∗
β′jKβ′le
iEltK∗αl
=
∑
i,l,ββ′
Kαie
−iEitK∗βiδββ′Kβ′le
iEltK∗αl (19)
=
∑
i,l,β
Kαie
−iEitK∗βiKβle
iEltK∗αl ,
where Greek indices run up to 3 and Latin ones up to 4. This result corresponds to Eq. (4.13)
in Ref. [6]. Taking into account that the propagation factors are too small for the distances
under consideration, except when the light sterile neutrino, corresponding to i = 4, is
involved, we have
Pα '
∑
l,β
Kα4K
∗
β4KβlK
∗
αle
−i(E4−El)t =
∑
l,β
Kα4K
∗
β4KβlK
∗
αle
−i∆m
2
4lL
2E . (20)
Notice that, as explained above, the active survival probability Pα includes all the weak
neutrino flavor states, νβ. Note also that we can neglect the “appearance” part of this
probability (i.e. the sum over the final νµ and ντ states for the case of an initial νe), in
comparison with the “survival” νe contribution. Indeed, the appearance probabilities will
involve products of the form sin2 θi4 sin2 θj4, and will be more suppressed than the "survival”
part, that goes as sin2 θ14. Hence, the above expression will lead to the usual vacuum survival
probability
Pee(Eν) ' 1− sin2 2θ14 sin2
(
∆m241L
4Eν
)
, (21)
and similarly for muon neutrinos
Pµµ(Eν) ' 1− sin2 2θ24 sin2
(
∆m242L
4Eν
)
, (22)
with θ14, θ24 being the mixing angles and ∆m241 ≈ ∆m242 the mass splittings. The presence
of the sterile neutrino is taken into account in the CEνNS process through the substitution
QW → QWPαα(Eν) in the SM weak charge of Eq.(2).
We will now estimate the sensitivity of future CEνNS experiments to the light sterile
neutrino scenario. To do this, we will use the formalism described in previous sections, but
replacing the neutrino oscillation probabilities in Eq. (15) by the expressions in Eqs. (21)
and (22) above. Note that, unlike the case of non-unitarity, here oscillation probabilities
depend on the neutrino energy. Our treatment of this scenario will be also slightly different,
and we will consider independently oscillations in the channel νe → νs and νµ → νs.
As a first step, we explore the optimal baseline for light sterile neutrino searches with
CEνNS detectors. For this purpose, we fix the sterile neutrino mixing parameters to bench-
mark values: ∆m241 = 1eV2, sin
2 2θ14 = 0.1 and sin2 2θ24 = 0.1, and we evaluate the χ2
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FIG. 6: Left panel: Sensitivity profile with respect to the baseline L for a fixed mass
splitting ∆m241 = 1 eV2 and fixed sin
2 2θ14 = 0.1 or sin2 2θ24 = 0.1 when dealing with νe
(solid lines) or νµ (dashed lines), respectively. Blue (red) [olive] curves correspond to the
CENNS (CCM) [ESS-10kg] experiment. Right-panel: Sensitivity profile for the mass
splitting ∆m241 for a fixed baseline L = 30 m and fixed sin
2 2θ14 and sin2 2θ24 as in left
panel.
as a function of the baseline L. The results obtained from the analysis of CENNS, CCM
and ESS experiments are shown in the left panel of Fig. 6. As discussed before, we esti-
mate independently the sensitivity for the electronic and muonic channel. In all cases, the
maximum sensitivity is reached around L = 30 m, very close to the proposed baselines.
One sees how the CENNS and CCM experiments have the best sensitivity. One can also
remark the larger sensitivity to sterile searches in the νµ → νs channel in comparison with
νe → νs. Note, however, that to distinguish between these two oscillations channels, timing
information would be required [70].
We also find it useful to examine the sensitivity of the CEνNS experiments to the mass
splittings ∆m241. In the right panel of Fig. 6 we illustrate the corresponding χ2 profiles
by fixing sin2 2θ14 = 0.1 or sin2 2θ24 = 0.1 and the baseline to L = 30 m. As previously,
CENNS and CCM perform better, while significantly higher sensitivities are reached when
muon neutrinos are involved. This is due to the larger flux of muon-like events emitted at
spallation sources. One also sees that, for our chosen mixing angle benchmarks, the ∆m241
mass splitting values for which one has better sensitivity are 1.5 eV2 and 6 eV2.
The attainable sensitivities of CENNS and CCM are very similar, despite the large dif-
ference with respect to their active detector masses. Indeed, the highly intense neutrino flux
available at the SNS can compensate the gain in exposure due to the large detector of CCM
(see Table I). On the other hand, the results obtained for the current configuration of ESS
with a 10 kg detector mass are promising, yet not competitive to the latter two since the
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detector size in this case is smaller by 2-3 orders of magnitude. However, ESS offers the
most intense neutrino beam, motivating us to perform an alternative analysis regarding its
future configuration with a 1 ton detector mass and a 20 keV threshold. As illustrated in
the left and right panels of Fig. 7, ESS-based sterile neutrino searches are expected to be
very promising in the long run. Indeed, the highly intense neutrino beam available at the
ESS can yield a very large number of events, making CEνNS very relevant for short baseline
oscillation searches.
We now explore how the sterile neutrino parameter space can be probed via CEνNS mea-
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surements at future large liquid argon detectors. In our analysis, we vary simultaneously
the mixing angle sin2 2θi4 and and the mass splitting ∆m241 = ∆m242, for different baselines.
The sensitivity curves at 90% C.L. for the different experimental proposals considered in
our study are presented in Fig. 8. The results are rather promising, with the same general
conclusions regarding the relative performance of the studied experiments. We stress that
the future configuration of the ESS experiment can become competitive to current precision
oscillation studies. Indeed, our results illustrate the potential of neutral-current measure-
ments in probing the parameter space constrained by global sterile-neutrino analyses, see
e.g. [27, 28].
5. CONCLUSIONS
We have analyzed the potential of future CEνNS experiments in probing new physics
phenomena in the presence of heavy isosinglet neutrinos and light sterile neutrinos. The
purely neutral character of CEνNS makes it complementary to neutrino-electron scattering
experiments. Due to its inclusive nature, there is no need for disentangling the sterile neu-
trino mixing from that of the active neutrinos. Specifically, we have focused on large liquid
argon detectors such as those intended to be installed by the COHERENT collaboration at
the SNS, as well as CCM at the Lujan facility, and the future CEνNS program at the ESS. It
is well-known that the admixture of heavy neutrino mediators of neutrino mass generation in
the weak charged current induces an effective departure from unitarity in the lepton mixing
matrix. We have explored how this can affect the initial neutrino fluxes for spallation source
experiments, and estimated the projected sensitivities on the unitarity-violating parameters.
In contrast to long-baseline oscillation searches, for the case of short-baseline experiments
only the zero-distance effect is relevant. Our results indicate that future short-baseline
CEνNS experiments provide a new probe of indirect signatures associated to heavy neutrino
mediators, with sensitivities competitive with results extracted from global neutrino oscilla-
tion data. In long-baseline experiments, the interplay between zero-distance and oscillation
effects can make the search for non-unitarity effects more challenging. A combination of
both types of experiments can certainly offer very promising results [80]. All in all, provided
the systematic and statistical uncertainties remain under control, the attainable sensitivi-
ties to fundamental parameters of the lepton sector obtained in CEνNS experiments will be
competitive and complementary to conventional charged-current-based oscillation searches.
We have also studied the prospects for probing light sterile neutrinos at short-baseline
CEνNS experiments. We first verified that the typical baselines of 20–40 m are promis-
ing for searches of sterile neutrinos with mass splittings of the order of 1 eV2. Given the
large statistics that can be accumulated by the relevant ton-scale liquid argon detectors,
we concluded that CEνNS -based sterile neutrino searches are feasible, providing comple-
mentary information to the conventional oscillation approaches. All in all, we have seen
17
that CEνNS studies offer a new way to search for light sterile neutrinos, complementary to
CC-based short-baseline studies.
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